
Engineering Structures 49 (2013) 360–372
Contents lists available at SciVerse ScienceDirect

Engineering Structures

journal homepage: www.elsevier .com/locate /engstruct
Numerical analysis of fibre reinforced polymer retrofitted masonry
panels
0141-0296/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.engstruct.2012.10.032

⇑ Corresponding author. Address: Country Las Yungas, 4107 Yerba Buena,
Argentina. Tel./fax: +54 381 4364087.

E-mail addresses: bluccioni@herrera.unt.edu.ar (B. Luccioni), rougierv@frcu.
utn.edu.ar (V.C. Rougier).

URLs: http://www.herrera.unt.edu.ar/iest (B. Luccioni), http://www.frcu.utn.
edu.ar (V.C. Rougier).
Bibiana Luccioni a,⇑, Viviana C. Rougier b

a Structures Institute, National University of Tucumán, CONICET, Av. Independencia 1800, 4000 S.M. de Tucumán, Argentina
b Group of Numerical Methods, Reg. Fac. Concepción del Uruguay, National Technological University, Ing. Pereira 676, 3260 Concepción del Uruguay, Argentina

a r t i c l e i n f o a b s t r a c t
Article history:
Received 27 February 2009
Revised 26 September 2012
Accepted 22 October 2012

Keywords:
Masonry
Fibre reinforced polymer
Retrofitting
Mechanical behaviour numerical model
The numerical analysis of the in-plane mechanical behaviour of unreinforced and carbon fibre reinforced
polymer (CFRP) retrofitted masonry walls, using a coupled damaged-plasticity model, is presented in this
paper. The comparison of numerical and experimental results shows the model ability to simulate the in-
plane behaviour of masonry elements retrofitted with CFRP. Numerical analyses are carried out to verify
the efficiency of the reinforcement with CFRP. Finally, the in-plane behaviour of real scale retrofitted
walls is reproduced.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction The reinforcement and rehabilitation technique with fibre rein-
The life span of a masonry structure can be over a 1000 years if
designed and constructed properly. However, there are several ma-
sonry buildings that have been damaged in a shorter time than ex-
pected due to different external actions like earthquakes, impact
loads, change of use or aggressive agents. Many of this masonry
structures are historical buildings that should be preserved as cul-
tural heritage.

Masonry structures failure is generally preceded by a massive
cracking development in the mortar joints. For this reason, the
mortar joints limit the final strength. Depending on compression
degree, failure can take place only in the joints, or a combined
crack brick–mortar joint can occur. Failure is normally brittle and
sudden. One way of preventing this type of problem is through
FRP reinforcement. This reinforcement can be done covering the
entire wall with fabrics of carbon or glass impregnated in epoxy re-
sin or through strips applied in the same way. Before applying the
FRP laminates, the specimen surfaces must be thoroughly cleaned
from mortar protrusions and dust using a wire brush and air blast-
ing. The pre-cut fabrics are then placed on previously primed sur-
faces and more epoxy is applied to ensure complete fabric
saturation (wet process) [1–4].
forced polymers (FRPs) has experimentally proved to be very effec-
tive. If the reinforcement is properly designed this technique may
enhance the in-plane behaviour, increasing ductility and in some
cases, ultimate strength and stiffness [1–6].

The numerical assessment of solid clay unreinforced masonry
panels, panels retrofitted with carbon fibre reinforced polymer
(CFRP) laminates and full scale unreinforced and retrofitted walls
is presented in this paper. The numerical model used results from
a proper combination of numerical models previously developed
by the authors. Moreover, two different approaches using the same
model are presented: a micro and a macro-approach. First, a micro-
approach in which bricks, mortar and CFRP bands are distinguished
is proposed and calibrated with the experimental results of unrein-
forced masonry unities presented in Ref. [4]. Then, this type of
model is shown to be able to reproduce results of several retrofit-
ted masonry specimens from that experimental program. Addi-
tionally, a macro-approach in which average properties of
masonry are obtained from a numerical homogenisation procedure
is proposed and used for the numerical simulation of full scale ret-
rofitted masonry walls tested by other authors under combined
vertical and horizontal cyclic load [7,8]. The comparison with
experimental results shows the ability of the numerical model to
reproduce the hysteretic response of CFRP retrofitted masonry un-
der in plane cyclic load.

First, a brief description of the existent models for masonry ret-
rofitted with FRP composites is presented. Then, the model used in
this paper is described and the main coupled damaged-plasticity
orthotropic model equations used are developed [9–11]. Numerical
results are compared with experimental tests carried out over
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small solid clay masonry panels retrofitted with CFRP using differ-
ent layouts subjected to compression normal to bed joints and
diagonal compression tests [3,4]. Finally, the same model is also
used for the analysis of actual size walls behaviour [7,8]. The walls,
reinforced with FRP, were subjected to in-plane constant vertical
load and lateral cyclic load. The capability of the model is proved
and the efficiency of different retrofitting schemes is compared.
2. Experimental results

Some authors have studied the behaviour of reinforced masonry
under compression normal and parallel to bed joint [4,12,13].
Shear behaviour of FRP retrofitted and repaired masonry was also
studied by many authors [1–3,5–8,12–25].

2.1. Compression behaviour

According to a research carried out by El-Dakhakhni et al. [12]
on small masonry specimens made with hollow concrete blocks
subjected to uniaxial compression normal and parallel to the bed
joint, the reinforcement with FRP not only increases the strength
but also increases the ductility preventing out of plane brittle fail-
ure and keeping the wall integrity even after significant structural
damage. Prakash and Alagusundaramoorthy [13] studied the effec-
tiveness of glass fibre reinforced polymers (GFRPs) retrofitting on
the behaviour of masonry wallettes constructed with high stiffness
cement mortar and low stiffness bricks and subjected to compres-
sion normal and parallel to bed joint. GFRP retrofitting increased
the strength and stiffness of the wallettes but the average ultimate
strain was significantly reduced.

2.2. Shear behaviour

Zhuge [14] recently presented a review describing the research
on shear strengthening of FRP-retrofitted unreinforced masonry
walls. Shear behaviour of FRP retrofitted clay masonry has been
studied at different scales: small specimens made of three bricks
[15,16,25]; small panels under diagonal compression [2,12,17];
and half scale [18,19] actual scale walls [5,7,8,20,22], under com-
bined vertical and lateral load simulating seismic action.

Some authors have experimentally studied shear behaviour at
elementary level [15]. Ehsani et al. [25], Roca and Araiza [15] and
Luccioni and Rougier [16], among others, investigated the effi-
ciency of external shear reinforcement of small specimens made
by three solid bricks and two joints. The retrofitting with unidirec-
tional CFRP bands oriented orthogonally to the joints increases the
shear strength. The anchorage length of the CFRP band is a very
important variable in the design of the shear reinforcement.
Strength increases with the length of the bands. In general, the fail-
ure is produced by the failure of the bricks surface producing the
debonding of the CFRP laminas.

El-Dakhakhni et al. [12] investigated the effects of FRP lami-
nates on altering the failure mode and strength and deformation
characteristics of hollow concrete small specimens subjected to
diagonal tension and joint shear. They concluded that laminates
significantly increased the load-carrying capacity of the masonry
assemblages exhibiting shear failure along the mortar joints. The
average joint shear strength of the retrofitted specimens was equal
to eight times that of their unretrofitted counterparts. The values of
the coefficients of variation for the retrofitted assemblages were
generally lower than those of the unretrofitted specimens. This re-
sult demonstrates the laminate’s role in reducing strength anisot-
ropy and variability of unreinforced masonry.

Valluzzi et al. [2] and Gabor et al. [17] performed the diagonal
compressive tests to investigate the in-plane shear response of
small brick masonry panels strengthened with FRP laminates.
From the results obtained by Valluzzi et al. [2] and Gabor et al.
[17] on panels made of solid and hollow clay bricks, respectively,
it can be concluded that fibre reinforced polymer reinforcement in-
creases shear strength and ductility depending on the reinforce-
ment scheme. It increases the stiffness, especially in solid brick
masonry and prevents brittle failure only for specimens with the
reinforcement covering all their surfaces.

ElGawady et al. [18,19] studied the response of half scale ma-
sonry panels strengthened with FRP laminates applied diagonally
to the joints subjected to both static and cyclic loading. The in-
crease in the lateral strength was proportional to the amount of
FRP axial rigidity. However, the use of high amount of FRP axial
rigidity led to very brittle failure. Many researchers have also stud-
ied the seismic reinforcement with fibre reinforced polymers of
full-scale [5,7,8,20,22] masonry walls made of hollow clay bricks.
It was observed that the reinforcement improves lateral stability
of the walls [14], increases the shear strength of the walls, the
maximum displacement before failure, and the displacement and
load of first major crack [7]. Seismic retrofitting of unreinforced
masonry walls with FRP proved to be an effective and reliable
strengthening alternative [21,23,24].

Although experimental results have shown the advantages of
this retrofitting technique, analytical or numerical tools for
description of the mechanical behaviour of unreinforced and rein-
forced masonry elements under different load conditions are
needed to improve this intervention technique.

The behaviour of reinforced masonry is complex and the degra-
dation and failure mechanisms depend on mechanical properties,
mainly on the elastic properties and on the strength of the mortar,
of the blocks or bricks and of the laminate and on the particular
retrofitting schemes used.

It can be noted that for any type of loading condition, the mortar
is the first component to fail. After complete degradation of the
mortar, a composite made of blocks connected by the laminate is
obtained. Thus, strain concentrations between adjacent blocks oc-
cur. On the other hand, as the blocks can support reduced tensile
stresses, they fail and produce laminate debonding before it can
experiment high deformations.
3. Brief review of numerical models for FRP reinforced masonry

Numerical simulation of the behaviour described in previous
section is not a simple task, and even though in the last years there
has been more research on it [17,25–31], the existing numerical
tools are still rather limited.

Numerical models used for FRP reinforced or retrofitted masonry
usually involve masonry models. As models used for all composite
materials, masonry models can be classified in three types [28].

� Micro-models: Mortar, bricks and their interfaces are indepen-
dently simulated using different constitutive models appropri-
ate for each material with properties obtained from
experimental tests performed on individual bricks, masonry
units or special brick–mortar small elements designed to test
the brick mortar interface. This type of model is able to repro-
duce experimental tests on small masonry elements but has
high computational cost when applied to full scale masonry
walls or buildings.
� Micro–macro: Different models are considered for bricks, mortar

and interfaces combined with some kind of homogenisation
procedure to obtain an equivalent homogeneous model for
structural analysis. This type of model has the advantage of
reducing the computational cost without requiring too much
experimental data.
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� Macro-models: A phenomenological constitutive law is used to
model masonry behaviour. The stress strain relationships are
obtained from experimental tests performed on small masonry
units subjected to different types of loads. While very simple to
use in structural analysis, this type of model requires many
experimental tests that should be repeated for each type of
masonry although the bricks and the mortar are the same.

These different approaches combined with different ways of
modelling the FRP reinforcement have also been used to model
FRP retrofitted masonry.

Ehsani et al. [25] used a commercial finite element code to as-
sess the effectiveness of the FRP retrofitting in the enhancement
of masonry shear strength. They assumed linear elastic behaviour
for the bricks and the composite and obtained a good numerical
solution when the fibres were placed at 45� for which the experi-
mental response was linear but not for other inclinations.

Cecchi et al. [26] developed a numerical model based on
homogenisation theory for the simulation of the in-plane and
out-of-plane behaviour of CFRP retrofitted masonry. They pro-
posed two alternative homogenisation processes: an analytical
multi-step method and a numerical one step method. These mod-
els were not compared with experimental results in the paper [26].

Gabor et al. [17,27] presented three different finite element ap-
proaches developed with a commercial code for the analysis of
unreinforced and FRP retrofitted masonry walls under in plane
loading. The detailed model considers the real configuration of
the masonry panels (constituted from bricks and mortar) and the
composite reinforcement. This modelling was applied in both cases
(unreinforced and strengthened panels). A simplified model, con-
sidering the experimentally measured global mechanical parame-
ters of the masonry panels and a simplified model, based on
homogenisation theory, where bricks and mortar were replaced
by an equivalent continuum, were used for the analysis of unrein-
forced masonry. They concluded that the finite element modelling
can be a useful tool for the design of FRP reinforcement. A good
correlation between experimental results and numerical results
using homogenisation models for unreinforced masonry was
found. Since detailed models used for retrofitted masonry required
a high computational cost, the further development of a homoge-
nisation model for retrofitted masonry was recommended.

Grande et al. [28] presented two different approaches able to
model the behaviour of unreinforced and reinforced masonry
structures. The first one was based on a micro-mechanical and
multi-scale analysis combined with the use of the kinematic and
static theorems of the limit analysis. FRP–masonry interaction
was simulated with a rigid-perfectly plastic model. The second ap-
proach was based on a macroscopic model. A smeared crack ap-
proach was used for masonry. Moreover, different modelling
strategies and constitutive laws were adopted for the FRP-rein-
forcement taking into account the delamination phenomenon.
FRP strips were modelled using truss elements directly connected
to the nodes of the mesh of the panels. Both experimental failure
loads and load–displacement curves were satisfactorily repro-
duced with all the adopted models. However, the post-peak behav-
iour was captured well only when brittle phenomena were taken
into account. The simplified approach proposed to consider the
contribution of the reinforcement was able to reproduce the
delamination process of the FRP strengthening when the strips
were not mechanically fixed to the masonry support and the
delamination process started from the free edges of the strips.
The authors suggested that a different model should be chosen
when the ends of the FRP strips were mechanically fixed to the sur-
face of the panels.

A heterogeneous model at the meso-scale has been used by
Fedele and Milani [29] for the interpretation of delamination tests
on FRP–reinforced masonry pillars. Brick and mortar were mod-
elled independently, with different damage variables and activa-
tion criteria in tension and compression. A perfect adhesion has
been assumed between the FRP external sheet and the masonry
support. Numerical results in terms of equivalent interface behav-
iour satisfactorily agreed with the prediction of the design formu-
lae suggested by the CNR Italian norm. The authors recommended
the development of a three-dimensional (3D) extension of the
model in order to take into account effects neglected in the pro-
posed bi-dimensional idealisation. These effects are expected to
influence the overall response and collapse mechanisms in delam-
ination tests.

Milani et al. [30] developed a 3D homogenised FE limit analysis
software for the numerical prediction of collapse loads and failure
mechanisms of entire masonry buildings reinforced with FRP
strips. In a first step failure surfaces for homogenised unreinforced
masonry were obtained. In this step rigid-infinitely resistant
wedge-shaped 3D elements and 3-noded rigid-infinitely resistant
elements were used for masonry and FRP strips respectively.
Delamination phenomenon of the strips from the support was con-
sidered imposing to FRP–masonry interfaces a limited resistance.
Good agreement between numerical results and available data
was found.

Different approaches were used by Su et al. [31] to model FRP
reinforced walls under out-of-plane loading. They differ in the
way that the masonry was modelled using a homogenised model,
a smeared-crack model and a discrete model. In all cases the inter-
face between the reinforcement and masonry was simulated using
1 mm interface elements with bilinear behaviour. Good agreement
with experimental results from small scale pull out tests was found
using the three models. The homogenised model together with the
interface element model was then used to simulate the response of
full-scale masonry walls damaged under cyclic out-of-plane load-
ing and then repaired with CFRP and reloaded. Numerical results
agreed with experimental results.
4. Proposed model

Masonry is considered to be a composite material built of brick
units and mortar joints. In this paper two different approaches
were considered to model masonry itself. First the masonry and
CFRP reinforced masonry elements under compression normal to
bed joints and diagonal compression are simulated with a micro-
model in which bricks and mortar are separately modelled.

The application of this model to masonry requires the proper
definition of the finite element model and the definition of several
functions (yield function, potential function, damage function,
hardening functions, etc.) and parameters for the constitutive
models. Functions normally used for concrete were used for bricks
and mortar. Some of the mechanical properties of bricks and mor-
tar, like elasticity modulus, Poison ratio, compression strength,
tension strength, fracture energy and compression strain harden-
ing were obtained from tests performed on bricks and mortar spec-
imens [3]. The rest of the parameters were indirectly obtained
through numerical simulation of small unreinforced masonry spec-
imens and comparison with experimental results [4].

The interface between bricks and mortar allowing possible deb-
onding is also approximately considered without explicitly model-
ling the interface but properly modifying the mortar constitutive
equation [16,32]. The mortar was supposed to be anisotropic with
reduced shear strength in the interface plane. The value of the
shear strength was adjusted to reproduce the experimental results
of small masonry specimens tested in [16].

Once this approach to model masonry is calibrated and vali-
dated, a numerical homogenisation, in which the average proper-
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ties of masonry are numerically obtained with the previous micro-
model, is performed. Then an equivalent homogeneous anisotropic
plastic damage model with those properties is used to simulate the
behaviour of full scale walls.

In both approaches FRP reinforcement is simulated without
explicitly modelling reinforcement elements but with a generalisa-
tion of the classic mixture theory [33]. In this way, FRP reinforced
bricks or FRP reinforced mortar in the micro-approach or FRP rein-
forced masonry in the homogenised approach are considered as
composite materials made of bricks, mortar or masonry and FRP
composite respectively. The mixture theory is applied to these
composites and the modified mixture theory is used for the FRP
composite itself [34,35].

4.1. Constitutive model for solid clay bricks, mortar and homogenised
masonry

An orthotropic plastic-damage model [36,9–11] is used for
bricks and mortar in the micro-model. The same model is applied
to the simulation of masonry as a homogenised material. Even
though different materials with different mechanical properties
are dealt with, solid clay bricks, mortar and masonry are frictional
materials, that is, their behaviour is influenced by hydrostatic pres-
sure. Bricks are normally made of isotropic materials and mortar is
also approximately isotropic. However, mortar and bricks are mod-
elled as orthotropic materials in order to account for the weakness
of the interfaces and the possibility of relative displacements with-
out explicitly modelling the interfaces [32]. Thus the same general
coupled elasto-plastic damage model for orthotropic materials, but
with different material constants and functions [8] is used for
bricks, mortar and masonry in the homogenised approach.

4.1.1. Anisotropy treatment
The anisotropic model is based on the hypothesis that there are

two spaces [36,7]: (a) a real anisotropic space and (b) a fictitious
isotropic space. The problem is solved in the fictitious isotropic
space which allows the use of elasto-plastic and damage models
developed for isotropic materials.

The stress tensors in both spaces are related by means of a
transformation defined as follows:

sij ¼ Aijklðrij;jpÞrkl ð1Þ

where sij and rkl are the stress tensors in the spaces (b and a)
respectively and Aijkl is a fourth order transformation tensor that
has the information about the strength anisotropy. In general, this
tensor is a function of the stress state and of the evolution of the
elasto-plastic process defined by internal variables like the plastic
damage variable jp [10] that is the isotropic plastic hardening var-
iable. All the components’ materials are assumed to be initially
orthotropic in this paper. There are different alternatives to define
tensor Aijkl for this case [9,37–40]. The simplest way is a diagonal
fourth order tensor [7],

Aijkl ¼
X3

m¼1

X3

n¼1

dimdjndkmdlnsmn=rmn ð2Þ

The threshold that marks the beginning of plastic or damage
behaviour is defined by means of a yield or damage function:

Fðrij;aÞ ¼ Fðsij; �aÞ ¼ 0 ð3Þ

where F and F designate the yield or damage functions in the real
anisotropic and fictitious isotropic spaces respectively and a and �a
are internal variables corresponding to such spaces.

The spaces transformation defined in Eq. (1) allows the use of
yield or damage functions F defined for isotropic materials in the
fictitious isotropic space. It should be noted that such isotropic
space is isotropic with respect to plastic or damage thresholds,
but not necessarily regarding other properties, such as the elastic
stiffness.

The plastic deformation in the real space is calculated by means
of the following flow rule

_ep
ij ¼ _k

@G
@rij

ð4Þ

where G is the potential function defined in the actual stress space.
Instead of working with this function that should be anisotropic, it
is possible to work with a potential function G, defined in the ficti-
tious isotropic space

Gðrij;aÞ ¼ Gðsij; �aÞ ð5Þ

Then, Eq. (4) is written,

_ep
ij ¼ _k

@G
@rij
¼ _k

@G
@skl

@skl

@rij
¼ _k

@G
@skl

Hklij with Hklij ¼
@skl

@rij
ð6Þ
4.1.2. Isotropic model: general form
The total free energy density per unit volume W can be assumed

to be formed by two independent parts: the elastic part We and the
plastic part Wp. For infinitesimal strains and thermally stable prob-
lems, the elastic part of free energy density We is written as a qua-
dratic function of the elastic deformation tensor ee

ij,

We ¼ 1
2
ee

ijCijklee
kl ¼

1
2
ee

ijð1� dÞCo
ijkle

e
kl ¼ ð1� dÞWo

Wo ¼ 1
2
ee

ijC
o
ijkle

e
kl ee

ij ¼ eij � ep
ij

ð7Þ

where Cijkl is the secant constitutive tensor affected by the evolution
of damage, Co

ijkl is the stiffness tensor of the virgin material, d is the
scalar damage variable used to model stiffness degradation, Wo is
the elastic free energy density for the virgin material, eij is the strain
tensor and ep

ij is the plastic strain tensor.
The secant constitutive equation results

rij ¼
@W
@ee

ij

¼ Cijklee
kl ¼ ð1� dÞCo

ijkle
e
kl ¼ ð1� dÞCo

ijkl ekl � ep
kl

� �
ð8Þ

The plastic process is described by a generalisation of classical
plasticity theory that takes into account many aspects of geomate-
rials’ behaviour [11]. The elastic threshold is described by a yield
function,

Fpðrij;jpÞ ¼ f pðrijÞ � Kp rij;jp
� �

6 0 ð9Þ

where fp(rij) is the equivalent stress defined in the stress space. In
the general model it can take up the form of any of the yielding
functions of classic plasticity (Tresca, Von Mises, Mohr Coulomb,
Drucker Prager, etc.). Kp(rij; jp) is the yielding threshold and jp is
the plastic hardening variable.

The Mohr Coulomb yielding surface is used for bricks and mor-
tar and Drucker Prager criterion is used for homogenised masonry
in this paper.

The following rule is used for the evolution of plastic strains:

_ep
ij ¼ _k

@Gðrmn; jpÞ
@rij

ð10Þ

where _k is the plastic consistency factor and G is the plastic poten-
tial function. The Mohr Coulomb function is used in this paper as
plastic potential function for bricks and mortar and the Drucker
Prager function is used for homogenised masonry.

Mohr Coulomb and Drucker Prager functions are yielding crite-
ria defined for isotropic materials. Strength anisotropy and anisot-
ropy orientation of plastic flow are simulated combining these
models with the procedure previously described in Section 4.1.1.
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The plastic hardening variable jp is obtained normalising en-
ergy dissipated by the plastic process to unity and varies from 0,
for the virgin material, to 1 when the maximum energy is plasti-
cally dissipated [10,11].

The damage threshold is described by a damage function in the
following way

Fdðrij; jdÞ ¼ f dðrijÞ � Kdðrij;jdÞ 6 0 ð11Þ

where f dðrijÞ is the equivalent tension, kd(rij; jd) is the equivalent
damage threshold and jd is the damage hardening variable [11].
It is obtained normalising energy dissipated by damage to unity
[11].

The equivalent tension f dðrijÞ may be evaluated using known
yielding functions (Tresca, Von Mises, Mohr-Coulomb or Druc-
ker–Prager) or any function specially developed for damage [11].
Drucker Prager function is used in this paper to define damage
threshold of bricks, mortar and homogenised masonry.

The scalar damage variable d varies from 0 to dc, that is
0 6 d 6 dc where 0 < dc 6 1 is the level of damage correspondent
to the material failure.

The evolution of permanent strains and damage is obtained
from the simultaneous solution of the following equations called
the consistency conditions of the problem [11],

_Fp ¼ 0
_Fd ¼ 0

(
ð12Þ

Eq. (12) represents two linear equations in _k and _d, which can be
easily solved.

4.2. CFRP lamina modelling

The reinforcement material made up of polymeric matrix and
carbon fibres is itself a composite material formed by a matrix with
embedded long fibres. To simplify the numerical simulation and to
reduce calculus volume, it is modelled with an equivalent homoge-
neous macro-model. An orthotropic elasto-plastic model with the
composite properties is used for that purpose. The model is similar
to that described in Section 4.1 but damage is not activated in this
case. Both the orthotropic behaviour inherent to the composite
lamina itself and the orthotropic behaviour produced by the weak-
ness of the masonry–CFRP interface are taken into account with
this model.

As the properties of the CFRP composite provided by the manu-
facturer are usually not enough to model this type of material, a
generalisation of mixture theory [34,35] is used in the paper to ob-
tain all the remaining mechanical properties. The properties of the
composite are obtained from the properties of the fibres and the
epoxy matrix and the fibres volume ratio. In this way, the lamina
properties already given by the manufacturer are also verified [3].

4.3. CFRP reinforced masonry

The CFRP laminas applied on both faces of the masonry panels
are not modelled independently but together with brick, mortar
or masonry depending on the modelling approach used. This con-
sideration gives place to a composite material consisting of brick,
mortar or masonry and two sheets of composite. In all cases the fi-
nite element mesh should be carefully defined so that the elements
match the reinforcement zones.

Mixture theory [33] can be used to model the in-plane behav-
iour of this type of composite where the strains are the same for
both component materials. The theory of mixtures is based on
the following assumptions [41]: (1) the set of component sub-
stances is present in each infinitesimal volume of the composite;
(2) each component contributes to the behaviour of the composite
in proportion to its volumetric participation; (3) the volume occu-
pied by each component is lesser than the volume occupied by the
composite; and (4) all the components have the same strain. For
small strains, this last assumption is written as

eij ¼ ðeijÞ1 ¼ ðeijÞ2 ¼ � � � ¼ ðeijÞn ð13Þ

where eij and (eij)n represent the strain of the composite and of com-
ponent n. In the case of CFRP reinforced masonry there are only two
component materials that could be bricks + CFRP reinforcement,
mortar + CFPR reinforcement or masonry + CFRP reinforcement
depending on the approach used and the particular location of the
point being modelled.

The strain compatibility assumption described by Eq. (13) con-
stitutes a strong limitation of the theory of mixtures. In particular,
the delamination of CFRP laminas represents a strong discontinuity
in the strain field inside the composite that cannot be simulated
with this theory. When delamination occurs, the stress transfer be-
tween the bricks, mortar or masonry and the CFRP is affected and a
stress reduction results in the CFRP reinforcement. This stress
reduction can be assimilated to a strain reduction related to the
interface deformation [32]. This phenomenon can be approxi-
mately taken into account in CFRP constitutive model, artificially
reducing the shear strength corresponding to the interface plane.
With this simplification, the mixture theory can be directly applied
to the CFRP reinforced masonry.

The total free energy density per unit volume W of the CFRP
reinforced masonry can be written

W ¼ k1w1 þ k2w2 ð14Þ

where the sub index 1 refers to bricks, mortar or masonry and the
sub index 2 refers to CFRP lamina. Wi represents the free energy
density of each component i, and ki represents the volume ratio of
the component i. In the particular case being modelled, in plane
behaviour of CFRP retrofitted masonry, the volume ratios can be di-
rectly obtained as thickness ratios.

The secant constitutive equation for the composite results

rij ¼
@W
@eij
¼ k1

@W1

@eij
þ k2

@W2

@eij
¼ k1ðrijÞ1 þ k2ðrijÞ2 ð15Þ

where (rij)n represents the stress in each of the component
materials.

5. Comparison with experimental results

5.1. Introduction

The models described are implemented in a non-linear plane fi-
nite element program. A 2D non-linear finite element program
developed for research purposes is used for the numerical simula-
tion. Compression perpendicular to the bed joints and diagonal
compression tests of unreinforced and CFRP reinforced solid clay
masonry panels are simulated with this program. The results of
these simulations and their comparison with experimental results
[3,4] are hereafter presented.

The behaviour of two similar groups of panels with different
dimensions built with bricks of different size is evaluated. The
dimensions of the panels were 580 mm � 610 mm � 130 mm and
560 mm � 550 mm � 125 mm and both types of panels had
15 mm-thick mortar joints. The identification of the different spec-
imens tested and the corresponding materials used are presented
in Table 1.

The specimens were externally reinforced following two retro-
fitting schemes: Entire wall reinforcement and reinforcement by
means of bands, on both faces. In both cases, a single layer of
1 mm thick composite was applied on each side. In the case of



Table 1
Panels tested [26,27].

Specimen Group Retrofitting scheme Failure load, Pu (kN) Failure mode

Compression normal to bed joint
MP3 Ia 286.0 Vertical cracks in front and back sides
MP6 II 216.0 Vertical cracks in front and back sides and crushing near supports
MP7 II 226.0 Vertical cracks in front and back sides and crushing near supports
MP4Ret Ia Entirely retrofitted 308.0 Vertical cracks all along the lateral vertical sides
MP5Ret Ia Ret 75 mm width bands 282.0 Small vertical cracks in front, back and lateral sides
MP9Ret II Ret. 75 mm width bands 238.0 Small vertical cracks in front, back and lateral sides

Diagonal compression
MC3 Ib 82.9 Mixed: Bricks failure with joint sliding
MC7 II 85.2 Failure due to diagonal tensions and sliding
MC4Ret Ib Entirely retrofitted 246.2 Crushing in support zone
MC5Ret Ib Ret. 50 mm width bands ? load 145.6 Bricks failure near supports
MC6Ret Ib Ret. 50–60 mm width bands//bed joints 88.3 Bricks failure near supports with sliding of central mortar joint

Ret: Retrofitted.

Table 2
Brick and mortar mechanical properties.

Specimens Group I: 580 � 610 � 130 (mm3) Group II: 560 � 550 � 125 (mm3)

Properties Mortar (a) Mortar (b) Brick Mortar Brick

Elasticity modulus, E (MPa) 3380 4312 1662 1528 1400
Poisson’s ratio, m 0.21 0.21 0.16 0.21 0.15
Tension ultimate strength, rut (MPa) 0.673 0.772 0.591 0.54 0.414
Compression ultimate strength, ruc (MPa) 6.73 7.72 10.60 4 8.28
Uniaxial compression elastic threshold, rfc (MPa) 5.60 6.4 – 3.5 –
Initial compression/tension strength ratio, Rp

0
10 10 20 10 20

Plastic damage variable for the peak stress, jp
comp 0.20 0.20 – 0.20 –

Fracture energy, Gp
f (MPa m) 6.0E–5 4.0E–5 3.0E�5 1.0E–5 3.0E�5

Crushing energy, Gp
c (MPa m) 6.0E–3 4.0E–3 2.0E�3 1.0E–3 2.0E�3

Yield criterion Mohr Coulomb Mohr Coulomb Drucker Parger Mohr Coulomb Drucker Parger
Plastic flow Mohr Coulomb Mohr Coulomb Drucker Parger Mohr Coulomb Drucker Parger
Shear strength ratio in mortar plane (s/r in Eq. (2)) 3 3 1 3 1
Damage criteria Drucker–Prager Drucker–Prager Drucker–Prager Drucker–Prager Drucker–Prager
Friction angle for damage function (�) 7 7 7 7 7
Uniaxial compression damage threshold, rdc (MPa) 5.9 7.0 10 3.7 7.5

Damage crushing energy, Gd
c (MPa m) 6.0E�3 6.0E�3 5.0E�2 6.0E�3 5.0E�2

Damage fracture energy, Gd
f (MPa m) 2.0E�5 2.0E�5 2.0E�4 2.0E�5 2.0E�4
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the specimens subjected to compression normal to bed joints, the
bands were located parallel to bed joints with the fibres in the
same direction. The same retrofitting scheme and another with
the bands orthogonal to load direction were used in the case of
the panels subjected to diagonal compression. See Table 1.

Masonry is modelled analysing the bricks and the mortar sepa-
rately. For both materials, orthotropic models with damage com-
bined with plasticity are used [3]. The mechanical properties of
mortars and bricks used for the model were obtained from tests
and are summarised in Table 2 [3,4]. Elasticity modulus, Poisson’s
ratio, compression ultimate strength, uniaxial compression elastic
threshold, plastic damage variable for the peak stress, crushing en-
ergy, uniaxial compression damage threshold, were obtained from
uniaxial compression tests while mortar initial compression/ten-
sion strength ratio and fracture energy were obtained from
notched beam flexure tests. The rest of the functions and proper-
ties defining material behaviour (yield criterion, plastic flow crite-
rion, damage criterion and the parameters used to defined them)
were proposed as those commonly used for this type of materials
and validated with experimental results of unreinforced masonry
small specimens tested under compression and diagonal compres-
sion. The results of a series of experimental tests on small masonry
units made of three bricks and two mortar joints and tested them
under shear [16] were used to calibrate the ratio between shear
strength in the isotropic fictitious space and the actual shear
strength in joint planes used in Eq. (2) (Table 2).
The mechanical properties of CFRP lamina are presented in
Table 3.

All the specimens are modelled with three node triangular
plane stress finite elements. Some tests were also done with four
node rectangular finite elements. The results show a stiffness over-
estimation in the last case. This is due to the impossibility of main-
taining a suitable aspect ratio for the rectangular finite elements
that matches the joints and the bricks geometry.

5.2. Compression normal to the bed joints

The behaviour of solid clay masonry panels subjected to com-
pression perpendicular to the bed joints is studied in this section.
Some of them have no reinforcement and others are retrofitted
with CFRP laminates according to different schemes. See Table 1.

5.2.1. Unreinforced panels
The test setup, the finite elements mesh, boundary and loading

conditions for masonry panels tested under compression normal
to the bed joints are presented in Fig. 1. Taking advantage of the
specimen symmetry only a quarter is modelled. Load-axial and
transversal displacement curves (P–dl and dt) for both types of walls
are presented in Fig. 2. Displacements represented correspond to
total vertical and horizontal relative displacements of the panels’
sides. A better adjustment of the experimental results in the axial
direction can be observed. Actually, discrete cracks located at



Table 3
Composite mechanical properties.

Volume fraction of fibres, kf 0.3
Longitudinal elasticity modulus, El (MPa) 72,500
Transversal elasticity modulus, Et (MPa) 6200
Longitudinal–transversal Poisson’s ratio, mlt 0.08
Transversal–longitudinal Poisson’s ratio, mtl 0.017
Transversal–transversal Poisson’s ratio, mtt 0.20
Longitudinal tensile strength, ru

long (MPa) 960

Transverse tensile strength, ru
t (MPa) 51

Yield criterion Tresca
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certain positions appeared in the tests. The continuum constitutive
model used considers the cracking distributed all along the width of
the panel and so it is not able to accurately reproduce transverse
deformation. The failure deformation in transverse direction
numerically obtained is always much lower than that obtained in
the tests. Nevertheless, initial stiffness in axial and transverse direc-
tions, strength and maximum axial deformation are approximately
reproduced. The experimental and numerical values of the failure
load, initial stiffness in axial direction and maximum axial displace-
ment corresponding to three unretrofitted specimens (MP3, MP6
and MP7), are presented in Table 4. The relative differences be-
tween numerical and experimental results are also included in Ta-
ble 4. The maximum difference obtained for failure loads is about
5.6% while the maximum differences for initial stiffness and maxi-
mum displacement are 15.4% and 63.6%, respectively. A good pre-
diction of maximum displacement was achieved for specimens
MP3 and MP7 but not for specimen MP6. Although specimens
MP6 and MP7 were similar, maximum displacement achieved by
specimen MP6 was sensibly lower. The difference observed in the
tests was probably due to some local defects that caused a prema-
ture failure in the case of specimen MP6. This type of problem can-
not be taken into account with the numerical model that gives
exactly the same results for both specimens.

5.2.2. CFRP reinforced panels
The behaviour of solid clay unit panels reinforced with CFRP

sheets is simulated. Finite element mesh boundary and loading
conditions are presented in Fig. 3. Since the panels are symmetric,
a quarter of them is modelled too.

The load-axial and transverse displacement curves obtained for
reinforced panels are contrasted with the experimental results in
Fig. 4. In the case of the entirely reinforced specimen, due to prob-
lems in the measurement system, only the axial displacements
were recorded.
(a)
Fig. 1. Unreinforced panel under compression normal to bed joints: (a) t
In general, a good correlation with experimental results is ob-
served with respect to maximum load and initial stiffness. The
experimental and numerical values of the failure load, initial stiff-
ness in axial direction and maximum axial displacement corre-
sponding to three retrofitted specimens (MP4Ret, MP5Ret and
MP9Ret), are presented in Table 4. The relative differences between
numerical and experimental results are also included in Table 4.
The maximum difference obtained for failure load is about 2.3%,
while the maximum differences for initial stiffness and maximum
displacement are 7.3% and 20.6% respectively.

The maximum load under compression normal to bed joint is
not incremented by the FRP retrofitting technique. It can be proved
that, whatever the strip width is, even in the case of the entirely
reinforced panel, the strength is not increased [4]. Failure is de-
fined by masonry failure since CFRP laminas are debonded and
due to their reduced thickness they can no longer bear external
load without buckling. Failure load can be approximately obtained
as the sum of the contributions provided by masonry and CFRP
lamina at failure. CFRP lamina is oriented with the fibres orthogo-
nal to load direction. As a result of the low stiffness of the rein-
forcement in vertical direction and the reduced thickness of the
lamina, the contribution to the vertical strength is negligible.

It was found that the reinforcement has no effect on initial stiff-
ness of the masonry wall, in spite of composite strips width (see
Table 4). For the totally retrofitted wall, initial vertical thickness
can be approximately obtained as the sum of masonry and CFRP
laminas stiffness, each one multiplied by its corresponding relative
cross sectional area (cross sectional area/cross sectional area of the
retrofitted masonry wall). As a result of the low stiffness of the
reinforcement in vertical direction and the reduced thickness of
the lamina, even in this case, the contribution of CFRP laminas to
the vertical stiffness is negligible. The contribution of CFRP bands
to vertical stiffness is even smaller but the difference with the lam-
ina covering the whole wall surface is very little.

An increase in axial deformation capability of about 240% was
obtained for the totally reinforced panel while this increase is 12%
and 22% for the specimens reinforced with strips compared with
unreinforced panel. Total reinforcement acts like a lateral passive
confinement, preventing the opening of vertical cracks. Lateral
compression stresses appeared and the change in stress state gives
place to a vertical ductility increase. In the case of CFRP bands the
vertical continuity is interrupted and this confinement effect is only
locally achieved and thus the effect on vertical ductility is lower.

The failure mode of the CFRP reinforced panels is totally modi-
fied with respect to an unreinforced specimen. While vertical
cracks through mortar joints and bricks developed on the front
(b) (c)
est setup, (b) load and boundary conditions, (c) finite element mesh.
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Table 4
Compression normal to bed joints. Comparison of numerical and experimental
results.

Results MP3 MP6 MP7 MP4Ret MP5Ret MP9Ret

Pmax. experim. (kN) 286 216 226 308 282 238
Pmax. numer. (kN) 281 228 228 315 285 240
Difference % �1.8 5.6 0.9 2.3 1.1 0.8

K experim. (kN/mm) 148.6 96.5 81.1 151.5 135.3 99.0
K numer. (kN/mm) 137.5 93.5 93.5 147.0 145.2 100.7
Difference % �7.5 �3.1 15.4 �3.0 7.3 1.8

dm Experim. (mm) 2.9 2.8 3.8 4.4 3.4 3.9
dm Numer. (mm) 3.0 4.5 4.5 5.0 2.7 4.3
Difference % 3.3 63.6 19.0 12.2 �20.6 10.5

Pmax: Maximum load.
K: Initial vertical stiffness.
dm: Maximum vertical displacement.
Difference = 100(Numer–Exper)/Exper.

brick +
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 mortar + 

Brick

Mortar  +

(a)
Fig. 3. CFRP strips retrofitted panel (a) Pa
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and back faces of unreinforced specimens, vertical cracks on their
sides and a more ductile behaviour depending on the reinforce-
ment configurations adopted, are observed in retrofitted panels.
It can be proved that the vertical deformation capacity is notably
increased when the strip width increases [4]. This improvement
is due to the action of the fibres preventing brittle opening of ver-
tical cracks, and increases with strip width.

Transverse displacements are more accurately simulated than
in the case of unreinforced panels. The overall behaviour and par-
ticularly, the failure mode characterised by crushing in the support
zone for the entirely reinforced panel can be properly reproduced
by the numerical model.
5.3. Diagonal compression

In this section, the in-plane shear behaviour under diagonal
compression of solid clay masonry panels without reinforcement
 composite

rtar

composite

brick

 + composite 

 composite 

(b)
nels tested, (b) finite element mesh.
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and reinforced with CFRP sheets is simulated. Numerical results
are compared with experimental results.

5.3.1. Unreinforced panels
The finite elements mesh and the loading conditions for this

type of test are presented in Fig. 5. The whole panel is modelled
in this case. The evolution of transverse and longitudinal displace-
ments (dt and dl) as a function of the applied load for specimens
MC3 and MC7 (see Table 1) is presented in Fig. 6. Numerical results
are close to experimental response in vertical direction and differ
in the case of transverse direction for which the deformation is a
result of a combination of different complex mechanisms. The
model properly reproduces not only the strength but also the brit-
tle failure mechanism without excessive previous deformation. The
response curves are approximately bilinear with both elastic and
inelastic stiffness closed to experimental results.

The experimental and numerical values of the failure load, ini-
tial stiffness in diagonal direction and maximum diagonal displace-
ment corresponding to two unretrofitted specimens (MC3 and
MC7) are presented in Table 5. The relative differences between
numerical and experimental results are also included in Table 5.
The maximum difference obtained for failure loads is about 4.0%
while the maximum differences for initial stiffness and maximum
displacement are 32.0% and 10.3% respectively.
5.3.2. CFRP reinforced panels
The finite element meshes used for the reinforced specimens

are shown in Fig. 7. The load–displacement curves, through the
compressed and stretched diagonals of the panel, for different ret-
rofitting setups are presented in Fig. 8.

The model reasonably reproduces the global behaviour of retro-
fitted specimens under diagonal compression and strength is accu-
rately predicted. The use of a mortar with lower shear strength in
joint planes allows reproducing the brittle failure characterised by
joint sliding. The behaviour is less brittle than for unreinforced
specimens and the predicted increase in ultimate strength is close
to that obtained in the tests.

The experimental and numerical values of the failure load, ini-
tial stiffness in diagonal direction and maximum diagonal displace-
ment corresponding to three retrofitted specimens (MC4Ret,
MC5Ret and MC6Ret) are presented in Table 5. The relative differ-
ences between numerical and experimental results are also in-
cluded in Table 5. The maximum difference obtained for failure
loads is about 7.0% while the maximum differences for initial stiff-
ness and maximum displacement are 16.2% and 13.6% respectively.

It can be seen that the reinforcement with strips placed parallel
to bed joints (at 45� with respect to load direction) does not im-
prove the behaviour of the masonry element. A localised effect in
the upper support that causes the failure of the superficial layers
of the bricks producing the debonding of composite bands applied
in this area is observed in this type of test. In consequence, if the
central mortar joint is not reinforced, the specimen fails due to
joint sliding. This type of failure is sudden and it takes place under
low load values.

Fig. 8 shows that total reinforcement significantly increases the
stiffness and the strength of the panel, preventing joints sliding.
Due to the action of CFRP lamina, the integrity of the specimen is
preserved without evidence of cracks near to failure load. Failure
is produced by the brick crushing near the upper support.

In contrast, no appreciable increase in stiffness is obtained with
diagonal strips but, as it can be observed in Fig. 8, the ultimate load
is practically duplicated with a significant saving of CFRP material.
Diagonal CFRP bands preserve panel integrity but specimen failure
takes place due to detachment of the superficial layers of the
bricks. This failure is initiated near the upper support and propa-
gates to the lower support.
6. Behaviour of a CFRP reinforced masonry wall

The behaviour of masonry walls, retrofitted with CFRP and sub-
jected to quasi-static cyclic lateral load [8] is simulated in this sec-
tion. The objective of this numerical study is to prove the ability of
the described model to quantify the improvement in the in plane
shear strength of masonry walls of actual dimensions, CFRP rein-
forced according to different configurations and with different
reinforcement quantities.

The dimensions of the walls made of hollow clay bricks are
shown in Fig. 9. They had a bottom and a top reinforced concrete
transfer beam with nominal dimensions of 2260 mm � 300
mm � 400 mm and 2260 mm � 325 mm � 400 mm; bottom and
top. Two grouted 25 mm diameter steel bars with 420 MPa yield
stress were placed at the wall ends [8].

The specimens were reinforced with CFRP on both sides accord-
ing to different schemes: no reinforcement (NSRM), 3 horizontal
strips 100 and 150 mm (HSRM-3 � 100 and HSRM-3 � 150); one
horizontal strip 300 mm wide (HSRM-1 � 300); one pair of 200
and 300 mm wide diagonal strips (DSRM-1 � 200 and DSRM-
1 � 300) and three pairs of 100 mm wide diagonal strips (DSRM-
1 � 300). For the horizontal strips, composite material was applied
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Table 5
Diagonal compression. Comparison of numerical and experimental results.

Results MC3 MC7 MC4Ret MC5Ret MC6Ret

Pmax experim.(kN) exp. 82.9 85.2 246.2 145.6 88.3
Pmax. numer. (kN) 86.2 82.7 229.0 147.3 84.0
Difference % 4.0 �2.9 �7.0 1.2 �4.9

K experim (GPa) 250.0 106.4 141.1 146.3 165.5
K numer. (GPa) 170.0 108.8 163.9 146.8 162.5
Difference % �32.0 2.3 16.2 0.3 �1.8

dm Experim. (mm) 0.58 1.07 2.32 1.50 0.59
dm Numer. (mm) 0.64 1.05 2.31 1.38 0.67
Difference % 10.3 �1.9 �0.4 �8.0 13.6

Pmax: Maximum load.
K: Initial diagonal stiffness.
dm: Maximum diagonal displacement.
Difference = 100(Numer–Exper)/Exper.

Fig. 7. CFRP retrofitted panels-finite element mesh: (a) retrofitting with strips
orthogonal to load direction, (b) retrofitting with strips parallel to bed joints.
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with fibres in horizontal direction while for diagonal strips the fi-
bres were applied in diagonal direction.

The walls were subjected to in-plane controlled displacement
cyclic loading, in conjunction with a constant vertical load of
approximately 98 kN. The walls were fixed to the floor but were
left free to laterally displace and rotate at the top. The load was ap-
plied at a distance of 1700 mm from the top of the bottom transfer
beam. See Fig. 9.

Due to the size of the wall simulated, masonry is modelled
using only one equivalent orthotropic material. The main material
properties used for masonry, concrete and steel and CFRP rein-
forcement were obtained from Ref. [8] and are presented in Tables
6 and 7. The remaining properties of masonry were obtained by fit-
ting the response of the unreinforced wall with experimental
results.

Loading and boundary conditions, retrofitting schemes and fi-
nite element meshes are shown in Fig. 10. Plane stress triangular
finite elements are used and the complete walls are modelled.
The load transmission frame was idealised through a stiff steel
arm because the actual dimensions were not available in Ref. [8].

Lateral load versus lateral displacement curves for the unrein-
forced and reinforced walls under cyclic lateral load are presented
in Fig. 11. The shape of these hysteretic curves is similar to those
obtained in the tests [8], showing permanent deformation and
increasing stiffness degradation. The loops are narrower in the case
of retrofitted walls.

The comparison of the numerical load displacement envelope
curves and experimental envelope curves for the first cycles is pre-
sented in Fig. 12. The differences between the first and the second
displacement cycles are not important up to a displacement 5 mm
but the differences are more evident for greater displacements (see
Fig. 11). In general, a good agreement between numerical and
experimental results is observed in Fig. 12. Numerical initial stiff-
ness is slightly greater than that obtained in the tests. The differ-
ences could be attributed to the assumption of masonry as a
continuous homogeneous material and ideal supports conditions
in the numerical model. The peak load is approximately repro-
duced while differences in the post-peak curve can be observed



Table 6
Masonry, concrete and steel properties [16].

Material Masonry Concrete Steel

Elasticity modulus, E (MPa) 6618 22,000 210,000
Poisson’s ratio, m 0.287 0.2 0.3
Tension ultimate strength, rut (MPa) 0.56 3.0 400
Compression ultimate strength, ruc (MPa) 11.3 35 400
Uniaxial compression elastic threshold, rfc (MPa) 7.00 30 400

Initial compression/tension strength ratio, R0
p

12.5 10 1

Plastic damage variable for the peak stress, jp
comp 0.20 0.20

Fracture energy, Gp
f (MPa m) 5.0E�3 1.0E�3

Crushing energy, Gp
c (MPa m) 5.0E�2 7.0E–2

Yield criterion Drucker–Prager Mohr Coulomb Von Mises
Plastic flow Drucker–Prager Mohr Coulomb Von Mises
Damage criteria Drucker–Prager
Uniaxial compression damage threshold, rdc (MPa) 8.0

Damage fracture energy, Gd
f (MPa m) 2.5E�3

Damage crushing energy, Gd
c (MPa m) 5.0E�2

Table 7
CFRP properties [16].

Unidirectional carbon fibre sheet thickness (mm) 0.13
Composite lamina thickness (mm) 1.00
Carbon fibre sheet longitudinal elasticity modulus, El (MPa) 250,000
Carbon fibre sheet longitudinal tensile strength, ru

long (MPa) 4300

Yield criterion Tresca

370 B. Luccioni, V.C. Rougier / Engineering Structures 49 (2013) 360–372
for some cases but scattering of experimental results for this range
have also been observed [8].

As in the tests, the failure of the non-retrofitted wall is brittle
and the maximum lateral load of 125 kN corresponds to a drift of
approximately 5 mm. All retrofitted walls are able to sustain great-
Fig. 10. CFRP reinforced walls. Retrofitting schemes and finite element mesh. (a) Unrei
3 � 100), (c) wall retrofitted with one horizontal CFRP strip (HSRM-1 � 300), (d) wall re
three pairs of diagonal strips (DSRM-3 � 100).
er lateral load cycles than the non-retrofitted walls but shear
strength numerically obtained is slightly lower than that obtained
in the tests. The maximum drift obtained in the tests, 10–12 mm
for the horizontal reinforcement and 12–14 mm for the diagonal
reinforcement, is also reproduced. The behaviour of the walls rein-
forced with only one strip is more brittle than that of the walls ret-
rofitted with three strips. As in the tests, the walls retrofitted with
three bands have a residual strength that makes them able to reach
greater lateral displacement before failure. Due to vertical rein-
forcement bars, failure of the panels is mainly a shear failure. As
a consequence, a greater increase in shear strength is obtained
with the diagonal CFRP reinforcement but considering the ratio
nforced wall (NSRM), (b) wall retrofitted with three horizontal CFRP strips (HSRM-
trofitted with one pair of diagonal strips (DSRM-1 � 200), (e) wall retrofitted with
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diagonal reinforcement.
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strength increase/area of reinforcement, horizontal reinforcement
is more efficient [19].

The comparison with the experimental results by Alcaino and
Santa María [8] show that the model is able to reproduce the
behaviour of retrofitted masonry panels not only under simple load
cases like those shown in the previous section but also under com-
bined compression and shear. Moreover, these results prove the
ability and robustness of the model to simulate cyclic loading cap-
turing the hysteretic response of the panels tested. For unrein-
forced masonry, the shape of the numerical hysteresis loops is
mainly dependent on masonry plasticity and damage parameters.
When the panels are retrofitted with CFRP bands, the contribution
of this material modifies the shape of the overall hysteresis curves.
As the model used is a continuous model, crack pattern cannot be
explicitly captured but overall damaged response and failure is
properly reproduced.
7. Conclusions

Due to the cost, extension and complexity that experimental
programs may have, it is important to have a numerical tool to sat-
isfactorily reproduce the behaviour of FRP retrofitted masonry un-
der different in plane stress states. Once the model has been
adjusted, a numerical study allows the analysis of different loading
conditions and repair or reinforcement assemblages, which means
a smaller number of laboratory tests.

A numerical model for the analysis of CFRP reinforced masonry
is presented in this paper. CFRP retrofitted masonry is simulated as
a composite material made in turn of composites. A simple ap-
proach based on mixture theory, which allows the analysis of the
behaviour of CFRP reinforced masonry from the properties of the
constitutive materials and their particular arrangement, without
explicitly modelling the reinforcement is used.

An anisotropic plastic damage model is used to simulate the
behaviour of bricks, mortar and CFRP reinforcement. In this way,
the behaviour under monotonic and cyclic loads characterised by
permanent deformations and stiffness degradation can be properly
reproduced. The interfaces between the different constituents are
not explicitly modelled but are indirectly taken into account in
the constitutive laws of each of the materials with consequent
reduction in computational cost.

In general, the numerical model used is able to reproduce the
values of maximum load and stiffness of unreinforced and CFRP
reinforced masonry panels. For unreinforced masonry subjected
to compression normal to the bed joints, it is possible to get a good
prediction of axial displacements, but not of transverse
displacements.

From the numerical study performed, it can be concluded that
under compression normal to the bed joints, the reinforcement
with FRP strips increases neither the masonry strength nor the
stiffness. However, an increase in the deformation capacity can
be obtained with a wide strip. For specimens under diagonal com-
pression, the diagonal FRP reinforcement increases both the
strength and the deformation capacity.

The results of the simulation of unreinforced and CFRP retrofit-
ted masonry walls under constant vertical load and cyclic lateral
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load show that this retrofitting technique can improve shear
strength and ductility and the improvement increases with the
amount of reinforcement. As already proved experimentally [19],
horizontal reinforcement is more effective than diagonal reinforce-
ment in terms of maximum load capacity increase/amount of rein-
forcement ratio.

In spite of the simplifications used to model actual dimension
masonry panels, a reasonable agreement between experimental
and numerical results is obtained showing that an equivalent
homogeneous anisotropic damage model can be used to model ac-
tual masonry elements with a great save of computational cost.
Moreover CFRP reinforcement can be simply accounted for using
mixture theory.
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